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Organic light emitting field effect transistors (LEFETs) evolved from organic field effect 
transistors (OFETs) and organic light emitting diodes (OLEDs) into a new multifunctional 
optoelectronic device.[1-22] LEFETs combine the switching functionality of FETs with light 
emission of an OLED in a transistor device configuration. This dual functionality has 
potential for new applications including simplified pixels for high-definition organic-based 
emissive displays,[18,20] optical communication devices,[3,4,17] and potentially electrically 
driven organic lasers.[2-8]  
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Over the past decade, significant progress has been made to improve the 
brightness,[7,8,16,21] external quantum efficiency (EQE),[6,7,15,19,20] charge carrier 
mobility,[7,17,21,22] channel current ON/OFF ratio and aperture ratio of LEFETs.[20] Despite the 
significant progress, to date there is no single LEFET architecture that exhibits advantages 
across all of the operational characteristics.[1-22] For example, single-layer LEFETs suffer 
from poor charge carrier mobilities [15-17] and Capelli et al. employed all-organic tri-layer 
heterostructure LEFETs in an attempt to overcome this.[6]  Improved charge carrier mobility 
and EQE up to 5% was attained by sandwiching the emissive layer between p- and n-type 
materials. However, the operating voltages remained high (100 V) and the reported high EQE 
was obtained only at low brightness of <1 cd/m2. To achieve high EQE at high brightness, a 
heterostructure LEFET concept consisting of non-planar source and drain contacts, has 
recently been demonstrated.[7]  The latter LEFET architecture exhibited enhanced EQEs by a 
factor of 20 at higher brightness compared to the control planar tri-layer LEFETs. More 
recently, similar heterostructure LEFETs were employed to give an increased and well-
defined light emitting area for display applications. However, these devices still suffered 
from poor carrier mobility and the light emitting area is heavily dependent on applied gate 
voltage. Despite of the tremendous progress and technological potential of all-organic 
heterostructure LEFETs, the carrier mobility values achieved to date remain low (<1 cm2/Vs) 
while the light emitting area is either too narrow or non-uniform and strongly dependent on 
the biasing conditions. Finally, the high voltage often required to drive these devices (≈100 
V), dramatically increases the overall power consumption which renders the technology 
unsuitable for display applications.  
To improve the charge carrier mobility, hybrid non-planar LEFETs architectures 
employing different charge transporting inorganic semiconductors such as CdS and metal 
oxides (e.g., ZnO, ZTO) have been developed to offer a much higher mobility of up to 19 
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cm2/Vs and a high channel current ON/OFF ratio (>106) with a lower EQE 
(typically~0.01%).[21-26] Although respectable electrical device performance has been 
demonstrated, it has remained challenging to achieve a high EQE and brightness 
simultaneously, especially at lower operating voltages (<25 V). Furthermore the major 
drawbacks of reported hybrid LEFETs are; i) very high processing temperatures (typically 
>500 °C) necessary for sintering metal oxides, which are incompatible with processing on 
plastic substrates, and ii) edge light emission zone leading to low (2.5%) aperture ratios 
(defined as the ratio of light emitting area over total device area). Such narrow edge emission 
zone restricted to the edge of the emitting electrode in the reported hybrid heterostructure 
LEFETs is not suitable for application in display technologies.[6-8,17,21-25] To  overcome this 
issue, we recently showed that incorporation of the  solution processed interlayer 
ethoxylated-polyethylenimine (PEIE) can modify the surface energy of the inorganic charge 
transporting layer resulting in enhanced carrier injection and uniform light-emission across 
the electroce area.[26] However the EQE value obtained from these devices remained low (10-
2 %-10-1 %), and the operating voltages high (100V). Furthermore, the processing 
temperatures required for the deposition of the inorganic layer was high (500 °C) and 
incompatible with inexpensive, temperature-sensitive substrate materials.  
Here we report hybrid LEFETs fabricated with low temperature and solution-
processed organic and inorganic metal oxide semiconductors. Furthermore, we demonstrate a 
strategy to significantly enhance the key performance parameter of LEFETs namely; the 
operating voltage, aperture ratio, EQE and brightness in a simultaneous fashion. The hybrid 
LEFETs were comprised of the bilayer oxide heterojection In2O3/ZnO (OHJ-I) and the 
multilayer oxide heterojunction In2O3/Ga2O3/ZnO (OHJ-II) structures prepared using 
different metal oxide precursors.[27-28] In addition, Cs2CO3 and poly(p-phenylene vinylene) 
based copolymer, Super Yellow (SY), PDY-132, were used as the work-function 
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modification for electron injection[29-31] and emissive layer, respectively. The devices were 
fabricated and processed at temperatures lower than  200 °C[27,29] and exhibited excellent n-
channel transistor characteristics operating at <25 V with high electron mobilities of ≈3.5 
cm2/Vs, and high EQEs up to 0.5% at a high brightness of ≈1800 cd/m2, exceeding 
previously reported performances of hybrid LEFETs. Remarkably, we found that when the 
Cs2CO3 was incorporated as a work modification layer, the EQE was enhanced by 
approximately one order of magnitude and the devices exhibit a large spatially stable light 
emitting area (Vg -independent emission area) with an aperture ratio of 38%. These results 
represent a significant advancement over previously reported hybrid LEFETs and can be seen 
as an important milestone towards next generation display technologies.  
Figure 1 shows the device structures of the hybrid light emitting field effect 
transistors (LEFETs). The pixelated light emitting transistor (pix-LET) and control LEFET 
were fabricated using solution-processed metal oxide layers with Cs2CO3 and without 
Cs2CO3 layer, respectively. Multilayer In2O3/ Ga2O3/ZnO (OHJ-II) and bilayer In2O3/ZnO 
(OHJ-I) oxide structures were used as the charge transport layer and devices were fabricated 
using 400 nm thick SiNX as the gate dielectric (Figures 1a and b). The electron injecting Al 
source electrode was thermally evaporated directly onto the metal oxide layers. In the case of 
the pix-LETs a 10 nm thick layer of Cs2CO3 was deposited in high vacuum directly onto the 
oxide layers, exactly under the drain electrode (see Figure 1a). This thickness was found to 
yield the best and most reproducible results. The light-emitting polymer Super Yellow was 
then spin-coated onto the oxide/Cs2CO3 in the all pix-LETs and onto the oxide/Cs2CO3 in 
control LEFETs. Finally, MoOx/Au was deposited under high vacuum to form the hole-
injecting drain electrode. For direct comparison, control devices were also prepared without 
Cs2CO3 (Figure 1b). Full details of fabrication and testing protocols including error analysis 
are presented in Materials and Methods.  
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To study the work function evolution in the semiconducting materials, Kelvin Probe 
(KP) measurements were carried out after each metal oxide layer deposition. Figure 1d 
shows the results for the OHJ-I layers used in our approach. After the deposition of the first 
In2O3 layer, a reduced work function of 4.6 eV was obtained and a further reduction of ≈4.2 
eV was achieved after depositing a second ZnO layer, which has good agreement with 
literature.[26,28] In our pix-LETs configurations, a 10 nm Cs2CO3 layer was selectively 
deposited onto the oxide film stacks. From KP measurements, it was found that the work 
function of the oxide layers was effectively modified to ≈3.7 eV (see Figure 1d). This can in 
principle enable efficient electron injection into the light emitting layer of the device, i.e., SY, 
since the values for the lowest unoccupied molecular orbital (LUMO) and the highest 
occupied molecular orbital (HOMO) energies of SY are known to be ‒2.9 eV and	  ‒5.3 eV, 
respectively.[19] Similarly, for the OHJ-II layers, the work function was reduced to ≈3.7 eV 
after the deposition of the Cs2CO3 layer (see Figure 1e). Here, insertion of the Ga2O3 layer 
helps to passivate the interfacial electron traps present in In2O3 and enhance the effective 
electron mobility of the layer.[28] In addition, atomic force microscopy analysis (Figure S2, 
Supporting Information) show  that the surface roughness of the multilayer stack can be 
further reduced by inserting the Ga2O3 layer (root mean square surface roughness RRMS 
reduces from 0.23 for OHJ-I to 0.21 nm for OHJ-II).  
Figure 2a and 2b show a comparison between the electrical transfer characteristics of 
the pix-LET and control LEFET fabricated using OHJ-II and OHJ-I charge transporting 
films, respectively, while the corresponding output characteristics are shown in Figure S3 
(Supporting Information). All pix-LETs and control LEFETs showed excellent n-channel 
transistor characteristics with negligible hysteresis and operating voltages <25 V. All LEFET 
devices exhibited high ON/OFF ratio (>107) as shown in Figures 2a and 2b. The control 
devices exhibited a negative threshold shift compared to the devices with Cs2CO3 layer.  The 
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threshold shift was more pronounced in OHJ-I compared to OHJ-II as a larger Vg bias is 
required to turn-off the channel current in the control samples as compared to the pix-LETs. 
This is most likely attributed to the suppression of the bulk charge carriers by the insertion of 
an additional Ga2O3 layer in-between the In2O3 and ZnO layers. Most importantly, the tri-
layer OHJ-II device outperforms that of the bilayer OHJ-I transistors; something most likely 
attributed to the improved electron transport characteristics.[29]  
The Cs2CO3 layer, on the other hand, was found to reduce the mobile charge carrier 
density in the oxide films. This is most likely due to extra oxygen released during the 
evaporation of Cs2CO3.[30,32] As a result pix-LET devices showed a lower turn-off voltage and 
a shift in the threshold voltages compared to control samples. The field-effect electron 
mobility values were calculated from the transfer characteristics of the pix-LETs and control 
LEFETs yielding values in the order of ≈3 cm2/Vs and ≈6 cm2/Vs, respectively for tri-layer 
OHJ-II-based devices, and ≈3.5 cm2/V-s- and ≈4 cm2/Vs- respectively, for bilayer OHJ-I-
based devices. Table 1 provides a summary of the obtained results. To the best of our 
knowledge, these results represent the state-of-the-art for hybrid LEFETs processed from 
solution at <200 °C.  
Figures 2c and 2d show the brightness (cd/m2) versus gate voltage for the pix-LETs 
and control LEFETs fabricated using OHJ-II and OHJ-I films, respectively. The brightness of 
both pix-LET devices increases with increasing Vg and reached up to ≈1800 cd/m2 at Vg < 25 
V. Both control LEFETs showed a lower brightness of ≈1200 cd/m2. The measured EQEs for 
pix-LETs were 0.5 (±0.1)% at 1800 cd/m2 and 0.5 (±0.1)% at 1700 cd/m2 for OHJ-II and 
OHJ-I-based devices, respectively, as shown in Figures 2e and 2f. The EQE was 
significantly higher than that in the control LEFETs (Table 1) and the best performing hybrid 
LEFETs previously reported (Table S2, Supporting Information).  It is important to note that 
the high EQEs and brightness were achieved at the much lower gate voltage of <25 V.  
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Figures 3a and 3b show the micrographs of the emission from the pix-LET and 
control LEFETs based on OHJ-I electron transport layers. An important observation was that 
the total area of the semi-transparent MoOx/Au electrode was observed to emit light during 
pix-LET operation. The area emission of the MoOx/Au electrode was spatially stable and 
independent of the gate voltage and can be clearly seen in the series of images shown in 
Figure 3a for OHJ-I films and Figure S4a (Supporting Information) for OHJ-II-based 
devices. In contrast, control devices, i.e. without the Cs2CO3 layer, only showed edge 
emission close to the edge of MoOx/Au electrode instead of spatially uniform emission 
features seen in pix-LETs (Figure 3b and Figure S4b, Supporting Information). Furthermore, 
in control devices, the width of the edge emission depends on the applied gate voltages (Vg) 
in a similar fashion to previously reported results.[16,19,20,21] Otherwise, the emission area can 
only be enlarged under the condition of a higher gate bias applied to the devices, and the edge 
emission can further spread under the MoOx/Au electrode.   
 
The details of the operating mechanism along with energy levels are shown in Figure 
4a. In all the devices the electrons were injected from the Al (‒4.1 eV) source electrode into 
the oxide layers (‒4.2 eV, i.e. the work function of the whole oxide film stacks). 
Incorporation of the Cs2CO3 interlayer further lowered the electron injection barrier from the 
electron transporting oxide layer to the LUMO of SY. From the MoOx/Au (≈‒5.4 eV) drain 
electrode, holes are injected into the HOMO of SY (‒5.3  eV) and recombine with injected 
electrons in the channel. Light emission occurs at the hole injecting MoOx/Au electrode as 
illustrated in Figure 4b. Previous studies demonstrated that the use of a thin layer of Cs2CO3 
shifts the work function of metals and semiconductors.[30-32] This is consistent with our 
observation of lowered light turn-on voltages and higher EQE for pix-LET devices as 
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compared to control devices. The light turn-on voltages of pix-LET devices were 3 V and 4 V 
for OHJ-II and OHJ-I films, respectively, which are both significantly lower than control 
devices (≈6 V). The calculated maximum radiative recombination efficiencies of the pix-LET 
and control LEFETs are calculated to be on the order of 15% and 1.5%, respectively – see 
Table S3, Supporting Information. The far superior recombination efficiency of pix-LET is 
attributed to the enhanced electron injection from the electron transporting metal oxide layer 
into the LUMO of SY in the presence of Cs2CO3.  
While introducing an additional Cs2CO3 layer in the pix-LET devices resulted in an 
order of magnitude higher EQE and a lower turn-off voltage of the LEFETs, the more 
profound effect was the gate voltage and drain current independent area emission under the 
drain electrode (MoOx/Au). This is most likely attributed to the doping-like effect induced by 
the evaporated Cs2CO3 onto the oxide and light-emitting polymer.[30,32] The latter effect leads 
to the formation of an electron rich region at the inorganic semiconductor/polymer interface 
directly under the MoOx/Au drain. At high source-drain voltages (Vds = 25 V), the increasing 
Vg from 0 V to 22 V assists the hole injection from MoOx/Au electrode and the electron 
injection into SY from the electron reservoir present at the oxide/SY interface. The electrons 
are accumulated in the LEFET channel that is composed of the carefully-engineered 
heterojunction/quasi-superlattice based oxide layers with increasing gate voltage and moves 
across the channel while providing mobile electrons to the oxide/SY interface. The holes 
injected from the MoOx/Au electrode lead to significant hole density under the MoOx/Au 
electrode, leading to the formation of excitons and subsequent recombination with incoming 
electrons from the Cs2CO3 doped oxide/SY interface region. As a result, a uniform light-
emission area is formed. The equivalent circuit of a pix-LET device can be approximated 
with an OLED connected in series with a FET – reminiscent of the nature and intent of the 
LEFETs operation. In the control sample, and in the absence of the Cs2CO3 layer, electrons 
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are injecting into the SY layer from the oxide layer close to the MoOx/Au electrode and light 
emission is observed initially only at the edge of electrode and spatially extends with 
increasing charge carrier density towards the centre of the electrode.  
In summary, we have demonstrated low-temperature, solution-processed hybrid light 
emitting transistors using two types of electron transporting metal oxide semiconducting 
heterojunctions. The average electron mobilities of the control LEFETs and the proposed pix-
LETs were high and in the range of 3‒6 cm2/Vs with channel current ON/OFF ratios >107. 
The incorporation of a thin Cs2CO3 layer at the oxide/polymer interface has enabled the 
development of a LEFET structure that exhibits superior operating characteristics, including 
large-area and uniform light-emission, and significantly enhanced EQE. In particular, the 
OHJ-I and OHJ-II-based pix-LETs showed a maximum brightness of ≈1700 cd/m2 and 1800 
cd/m2 with EQE values of ≈0.5% for both device architectures. These results demonstrate the 
viability of using the low-temperature superlattice n-type metal oxides for the development of 
high-performance hybrid LEFETS hence paving the way for the application of this rather 
promising technology in future generation high definition displays.  
 
 
Experimental Method  
Heterostructure pix-LETs and control LEFETs used in this study were fabricated using with a 
400 nm SiNx dielectric layer grown by low pressure physical vapor deposition technique 
LPCVD, which were purchased from Silicon Quest, International, Inc. as shown in Figures 
1a, and 1b. These wafers were precisely diced in 15 x 15 mm2 size of substrates and cleaned 
in a Class 1000 clean room by ultra-sonication in acetone for 15 min, and followed by 15 min 
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in 2-propanol. Substrates were dried using pressurized nitrogen and ready for materials 
depositions. ZnO precursor was prepared by dissolving ZnO nanopowder (>97% Sigma-
Aldrich) in ammonium hydroxide (Alfa Aesar, 50% V/V) to the concentration of 10 mg/mL. 
As-prepared solutions were then stirred rigorously at room temperature for 15 h. This process 
yielded a clear transparent Zn-ammine complex based solution. For solution-processable 
indium oxide (In2O3) and gallium oxide (Ga2O3), the In2O3 and Ga2O3 precursor solutions 
were prepared by dissolving anhydrous indium nitrate (In(NO3)3, 99.99% Indium 
Corporation) and gallium nitrate hydrate (Ga(NO3)3·xH2O, 99% Sigma-Aldrich) in 2-
methoxyethanol (CH3OCH2CH2OH, anhydrous, 99.8%, Sigma-Aldrich) at the concentration 
of 30 mg/mL and 10 mg/mL, respectively. The solution was subjected to rigorous stirring at 
room temperature for 15 h before use. Oxide layers were deposited from the as-prepared 
precursors via spin-coating at 4000 rpm for 30 s, and following by thermal-annealing process 
(200 °C for 1 h) for each oxide layer. Both of the deposition and thermal calcination 
processes were performed in ambient environment. Following this the substrates were 
transferred into a nitrogen glove box (O2 and H2O level <0.1 ppm), where rest of the 
fabrication and testing was performed.  
Complementary shadow masks were used in combination to form source and drain 
electrodes through evaporation giving asymmetric, interdigitated, hole-injecting and electron-
injecting metal contacts (Figure S1, Supporting Information). The electron injecting Al 
electrode was positioned directly on top of the oxide layer from the first mask. From second 
mask, a 10 nm thick layer of Cs2CO3 was deposited on the oxide layer. Then a 120 nm layer 
of emissive polymer, Super Yellow (purchased from Merck under name PDY-132) with a 
concentration of 7 mg/mL in toluene (≥99.5%) was spin coated onto the substrates at 2500 
rpm for 30 s, followed by 3000 rpm for 10 s. After this, the substrates were annealed on a 
hotplate at 150 °C for 30 min. The film thicknesses were measured using a Dektak 150 
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profilometer. Finally, the MoOx/Au (2/12 nm) hole injecting electrode was deposited on top 
of the SY films as shown in Figures 1a, 1b and S1 (Supporting Information). 
Electrical characterization of the devices was performed using an Agilent B1500A 
Semiconductor Device Analyzer and an SA-6 Semi-Auto Prober station and optical 
characterization was achieved with a calibrated photomultiplier tube (PMT) positioned over 
the device. The source-drain current in the transistor channel and photocurrent in the PMT 
were recorded to determine the device parameters. Brightness was calculated from the 
photocurrent in the PMT by comparing with a super yellow OLED device of known 
brightness and light emission area, and then corrected according to the measured emission 
area of the LEFET.[7,17.19-21] A digital camera connected to an optical microscope was used to 
image the device emission area. The image was then analyzed by taking an intensity profile 
across the emission region to calculate the width of the emission zone, estimated by taking 
the full width at half maximum of the image intensity profile. The EQE was calculated 
(assuming Lambertian emission) using the brightness, source-drain current and emission 
spectrum of the device previously reported.[3,7,9,18-21]  
The charge carrier mobility and threshold voltage were calculated from the electrical 
transfer characteristics in the saturation regime of transistor operation, using the equation: 
    (1) 
where Ids is the source-drain current, W is the channel width, L is the channel length, µ is the 
field-effect mobility, Ci is the geometric capacitance of the dielectric, Vg is the gate voltage 
and Vth is the threshold voltage. 
Work function energies were measured using a KP Technology scanning Kelvin 
Probe system SKP5050 in nitrogen environment at room temperature. The samples were 
( ) 2
2 th
i VVg
L
CWIds −= µ
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prepared using the same processing parameters on ITO glass substrates. For atomic force 
microscopy (AFM) measurements, atomic force micrographs of the films were taken in the 
tapping mode using an Agilent 5500 AFM in air, and the oxide films were deposited on 
Si/SiO2 wafer substrates with the same parameters as aforementioned.  
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Supporting Information is available from the Wiley Online Library or from the author. 
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Figure 1. Device and chemical structures: (a) pix-LET, (b) control LEFET, (c) SY. The work 
function evolution measured using the Kevin Probe system for each layer in d) OHJ-I and e) 
OHJ-II as well as the work function obtained after depositing the Cs2CO3 layer. 
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Figure 2. Electrical transfer characteristics of pix-LET and control LEFETs based on a) OHJ-
II layer and (b) OHJ-I layer.  Optical transfer characteristics of pix-LET and control LEFETs 
based on (c) OHJ-II layer and (d) OHJ-I layer.  External quantum efficiency (EQE) of pix-
LET and control LEFETs based on (e) OHJ-II layer and (f) OHJ-I layer. 
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Figure 3. Micrographs of light emitting area at different gate voltages: (a) a uniform aerial 
emission under the electrode in a pix-LET device, (b) gradually increasing edge emission 
under the electrode in a control device fabricated utilizing OHJ-I as chart transport layer. Red 
dot line represents the spacing between L=channel length, S = source and D = drain. 
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Figure 4. (a) Charge injection mechanism and energy levels of emissive and charge transport 
layers. (b) Schematics of charge transport mechanism, injection and emission in pix-LET. (c) 
Electroluminance of control and pix-LET device and photoluminance spectra of SY film. 
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Table 1. Comparison of results of control LEFETs and pix-LET using both oxide transport 
layers. The plus / minus represent the standard deviation on the mean as derived from the 
averages of multiple devices. 
Metal oxide OHJ-I OHJ-II 
Device structure Control pix-LET Control pix-LET 
Work function ‒4.2 ‒3.7 ‒4.2 ‒3.7 
µ
e  (cm
2/Vs) 4 (±1) 3.5 (±0.5) 6 (±1) 3 (±1) 
ON/OFF ratio ≈103 ≈107 ≈107 ≈107 
Brightness (cd/m2) 1200 (±100) 1700 (±200) 1200 (±100) 1800 (±200) 
EQE (%) 0.05 (±0.05) 0.5 (±0.1) 0.1 (±0.05) 0.5 (±0.1) 
 
 
 
